Lysozyme is one of the most important anti-bacterial effectors in the innate immune system of animals. Besides its direct antibacterial enzymatic activity, lysozyme displays other biological properties, pointing toward a significant anti-inflammatory effect, many aspects of which are still elusive. Here we investigate the perturbation of gene expression profiles induced by lysozyme in a monocyte cell line in vitro considering a perspective as broad as the whole transcriptome profiling. The results of the RNA-seq experiment show that lysozyme induces transcriptional modulation of the TNF-α/IL-1β pathway genes in U937 monocytes. The analysis of transcriptomic profiles with IPA ® identified a simple but robust molecular network of genes, in which the regulation trends are fully consistent with the anti-inflammatory activity of lysozyme. This study provides the first evidence in support of the anti-inflammatory action of lysozyme on the basis of transcriptomic regulation data resulting from the broad perspective of a whole-transcriptome profiling. Such important effects can be achieved with the supplementation of relatively low concentrations of lysozyme, for a short time of exposure. These new insights allow the potential of lysozyme in pharmacological applications to be better exploited.
Introduction
Almost a century after its discovery by sir Alexander Fleming [1] , lysozyme is now widely recognized as one of the most important anti-bacterial effectors in the innate immune system of animals [2, 3] , where it plays a key role in response to infection, by digesting peptidoglycan and destabilizing the cell wall of invading Gram-positive bacteria [4] . Over the years, lysozyme has become more and more important for studies in the fields of protein chemistry, enzymology, crystallography and molecular biology [5] , and it is widely used as a preservative/maturation inductor in foods and pharmaceuticals [6] [7] [8] .
The lysozyme muramidasic enzymatic activity is provided by three different types of evolutionarily unrelated gene-encoded proteins, named chicken (C)-, goose (G)-and invertebrate (I)-type lysozymes, which display a broad and partly overlapping taxonomic distribution [5] . Lysozymes are produced by The interaction of lysozyme with immune system cells is pivotal to all its biological and pharmacological effects. Although numerous in vitro and in vivo studies have analysed the mechanisms of action of lysozyme at the molecular level, to the best of our knowledge none has so far considered a perspective as broad as whole transcriptome profiling. Such an approach would ensure a fuller overview on the interactions between lysozyme and target cells, allowing the mechanisms of action and regulatory networks not easily predictable on the basis of current knowledge to be established. With this study, we aim to fill this gap, investigating the perturbation of gene expression profiles induced by in vitro lysozyme supplementation in a monocyte cell line, one of the main types of immune cells which interact with lysozyme. The chosen cellular model is the monocyte U937 cell line, which still expresses many of the monocytic-like characteristics and is at the same time genetically homogeneous and easily manageable. In addition, the possibility to differentiate U937 cells to macrophages enables the effects of lysozyme on two maturation stages of the same cellular lineage to be studied [34] . Through an in-depth analysis of the genes altered in response to the treatment, we expect to provide a rationale for an improved understanding of the molecular mechanisms underpinning the diverse pharmacological activities of lysozyme.
Results
The highest number of differentially expressed genes (DEGs) in the U937 monocyte cell line was detected at the end of the treatment with lysozyme for 1 h (3 up-and 22 down-regulated genes, Table 1 ). Tests of differential expression were performed on the complete human genome (version Hg38), assessing the gene expression levels of 53,816 annotated features. DEGs were considered significant when p-value ≤ 0.05 and modulus (fold change) ≥2. The table shows the number of up-or down-regulated genes against the total number of DEGs in each condition.
The number of DEGs, compared to parallel control samples declined after a further 2 h in a lysozyme-free culture medium (2 up-and 1 down-regulated genes), and was similar to that observed in response to the non-stop treatment for 24 h (1 up-and 5 down-regulated genes). Overall lysozyme affected the expression level of few genes, although some very meaningful fold change values indicated the possibility of prominent consequences at a functional level. The complete list of DEGs and their relative fold change values are reported in Table 2 . Overall, the functions of most of the DEGs detected at the end of the exposure to lysozyme for 1 h were linked with immune system activity (26.5%), signal transduction (16.3%), metabolism (12.2%) and extracellular matrix organisation (8.2%) ( Figure S1 Supplementary Table S1 .
Many genes showed, compared to control samples, relevant fold change values that were in turn no longer detectable in cells kept for an additional 2 h in a lysozyme-free culture medium (Figure 1b The only genes that maintained a significant variation of expression at all times of investigation were DLG2 (Discs Large MAGUK Scaffold Protein 2) and CKMT2 (Creatine Kinase, Mitochondrial 2), which remained down-and up-regulated, respectively, even though the magnitude of the alteration of DLG2 decreased over time ( Figure 2 ). Another relevant DEG, TMEM150C (Transmembrane Protein 150C), showed a delayed over-expression, undetectable at the first time point of analysis, but highly significant in the later ones, regardless of the presence of lysozyme in the cell culture medium ( Figure 2 ).
DLG2
ADM CCL3  SPP1  CCL1  CCL3L3  CCL7  INHBA  GDF15  IL1B  MMP9  IL1RN  IFI6  MMP1  VIM  ISG15  TIMP1  IER3  RGS16  PLAUR  FTH1  MTRNR2L2  SCP2  WDR47  CCDC73  TMEM150C  TJP1  TTI2 DLG2  ADM  CCL3  SPP1  CCL1  CCL3L3  CCL7  INHBA  GDF15  IL1B  MMP9  IL1RN  IFI6  MMP1  VIM  ISG15  TIMP1  IER3  RGS16  PLAUR  FTH1  MTRNR2L2  SCP2  WDR47  CCDC73  TMEM150C  TJP1  TTI2  CKMT2   -30   -20   -10   0   10   20   30   Fold change vs Ctrl   DLG2  ADM  CCL3  SPP1  CCL1  CCL3L3  CCL7  INHBA  GDF15  IL1B  MMP9  IL1RN  IFI6  MMP1  VIM  ISG15  TIMP1  IER3  RGS16  PLAUR  FTH1  MTRNR2L2  SCP2  WDR47  CCDC73  TMEM150C  TJP1  TTI2 Supplementary Table S1 .
Many genes showed, compared to control samples, relevant fold change values that were in turn no longer detectable in cells kept for an additional 2 h in a lysozyme-free culture medium (Figure 1b Ingenuity pathway analysis (IPA) was then used to investigate the possible mode of action and physiological effects of lysozyme treatment in U937 cells, focusing in particular on the analysis of DEGs detected at 1 h, since this was the experimental time point displaying the most relevant alterations of gene expression profiles.
The pathway analysis showed significant alterations of canonical pathways that are involved in adhesion and diapedesis of granulocytes and agranulocytes ( Figure 3a ). The analysis of upstream regulators, which may possibly underpin the observed alterations, identified a strong correlation between the transcriptional profiles and the inhibition of NF-κB (nuclear factor kappa-light-chain-enhancer of activated B cells), TNF-α (tumour necrosis factor alpha), IFNG (interferon gamma), IL-1 (interleukin 1) and also of other genes involved in the regulation of inflammatory processes (Figure 3b ), suggesting that the anti-inflammatory effect exerted by lysozyme might be mediated by these proteins. The most likely affected downstream biological pathways were predicted to act in an inhibitory manner in the immune cell trafficking and inflammatory response. Conversely, a single process, i.e., cell death, was predicted to be slightly up-regulated (not shown). It is important to note that, based on the list of DEGs, no significant toxic effect was predicted by IPA neither at the level of the whole organism nor of a specific tissue.
In order to explore in greater detail the possible physiological effects of lysozyme treatment, a custom gene regulatory network was built using CKMT2 and DLG2 as probes, i.e., the two genes displaying the most significant and long-lasting alterations. The two genes were used to search, within the ingenuity knowledge base, any possible connecting path to the other detected DEGs. Ingenuity pathway analysis (IPA ® ) was then used to investigate the possible mode of action and physiological effects of lysozyme treatment in U937 cells, focusing in particular on the analysis of DEGs detected at 1 h, since this was the experimental time point displaying the most relevant alterations of gene expression profiles.
The pathway analysis showed significant alterations of canonical pathways that are involved in adhesion and diapedesis of granulocytes and agranulocytes ( Figure 3a ). The analysis of upstream regulators, which may possibly underpin the observed alterations, identified a strong correlation between the transcriptional profiles and the inhibition of NF-κB (nuclear factor kappa-light-chain-enhancer of activated B cells), TNF-α (tumour necrosis factor alpha), IFNG (interferon gamma), IL-1 (interleukin 1) and also of other genes involved in the regulation of inflammatory processes (Figure 3b ), suggesting that the anti-inflammatory effect exerted by lysozyme might be mediated by these proteins. The most likely affected downstream biological pathways were predicted to act in an inhibitory manner in the immune cell trafficking and inflammatory response. Conversely, a single process, i.e., cell death, was predicted to be slightly up-regulated (not shown). It is important to note that, based on the list of DEGs, no significant toxic effect was predicted by IPA ® neither at the level of the whole organism nor of a specific tissue. The resulting gene regulatory network clearly showed a central role for TNF-α and IL-1, while CKMT2 and DLG2 were placed in peripheral regions, suggesting that these two genes have a marginal role in the direct response to lysozyme. However, their marked and long-lasting In order to explore in greater detail the possible physiological effects of lysozyme treatment, a custom gene regulatory network was built using CKMT2 and DLG2 as probes, i.e., the two genes displaying the most significant and long-lasting alterations. The two genes were used to search, within the ingenuity knowledge base, any possible connecting path to the other detected DEGs.
The resulting gene regulatory network clearly showed a central role for TNF-α and IL-1, while CKMT2 and DLG2 were placed in peripheral regions, suggesting that these two genes have a marginal role in the direct response to lysozyme. However, their marked and long-lasting differential expression indicates that these two genes may be used as potential molecular markers to track the effect of lysozyme treatment, at least within the first 24 h (Figure 4 ).
Int. J. Mol. Sci. 2019, 20, x FOR PEER REVIEW 4 of 23 differential expression indicates that these two genes may be used as potential molecular markers to track the effect of lysozyme treatment, at least within the first 24 hours (Figure 4 ). It is worth noting that TNF-α was not found among the significantly down-regulated DEGs in the RNA-seq experiment, even though IPA predicted its inhibition with high confidence because of the observed down-regulation of several genes under direct positive transcriptional control by TNF-α itself. However, while the levels of TNF-α mRNA remained steady throughout the experimental timeline, the inhibition of TNF-α activity could possibly occur at the protein level (e.g., by increased protein turnover or by post-translational modifications). Moreover, TNF-α may be a highly responsive gene, whose expression levels vary very rapidly in response to the treatment with lysozyme, vanishing within a few minutes after the treatment and becoming undetectable at the time of analysis. In contrast to TNF-α, whose levels do not vary, IL-1β (interleukin 1 beta) displays a strong transcriptional repression with a −7.99-fold change value at 1 h in comparison to untreated cells ( Figure 1a and Table 2 ).
LC-MS/MS (liquid chromatography-tandem mass spectrometry) analysis identified and quantified proteins in U937 cells, collected 24 h after exposure to lysozyme 15 μg/mL for 1 h (hereafter referred to as 1 h + 24) or for consecutive 24 h (hereafter referred to as 24 h + 24). The differences of protein abundance comparing the two conditions and of their statistical significance are shown by volcano plots constructed by plotting the Log2 ratio on x-axis for each quantified protein and the significance of the calculated difference as '−log10(p-value)' on y-axis. Dashed lines It is worth noting that TNF-α was not found among the significantly down-regulated DEGs in the RNA-seq experiment, even though IPA ® predicted its inhibition with high confidence because of the observed down-regulation of several genes under direct positive transcriptional control by TNF-α itself. However, while the levels of TNF-α mRNA remained steady throughout the experimental timeline, the inhibition of TNF-α activity could possibly occur at the protein level (e.g., by increased protein turnover or by post-translational modifications). Moreover, TNF-α may be a highly responsive gene, whose expression levels vary very rapidly in response to the treatment with lysozyme, vanishing within a few minutes after the treatment and becoming undetectable at the time of analysis. In contrast to TNF-α, whose levels do not vary, IL-1β (interleukin 1 beta) displays a strong transcriptional repression with a −7.99-fold change value at 1 h in comparison to untreated cells ( Figure 1a and Table 2 ).
LC-MS/MS (liquid chromatography-tandem mass spectrometry) analysis identified and quantified proteins in U937 cells, collected 24 h after exposure to lysozyme 15 µg/mL for 1 h (hereafter referred to as 1 h + 24) or for consecutive 24 h (hereafter referred to as 24 h + 24). The differences of protein abundance comparing the two conditions and of their statistical significance are shown by volcano plots constructed by plotting the Log2 ratio on x-axis for each quantified protein and the significance of the calculated difference as '−log10(p-value)' on y-axis. Dashed lines mark different thresholds of statistical significance of the difference. Protein spots represented above the dashed lines show a significant difference in the two samples.
No significant differences were observed between the lysozyme-treated and the relevant controls in both experimental conditions of treatment (1 h + 24 or 24 h + 24) ( Figures S8 and S9 in the Supplementary Material). Conversely, significant different protein levels were observed when comparing the two experimental schemes in the controls (Table 3 and Figure 5a ) or in the treated cells (Table 4 and Figure 5b ), probably because of the different growth time of the cells in the two experimental settings. Table 3 compares control 24 h + 24 versus control 1 h + 24; 8 proteins are significantly down-regulated and 15 proteins are significantly up-regulated. A similar finding characterizes the comparison between lysozyme 24 h + 24 versus lysozyme 1 h + 24 (Table 4) , where the proteins down-and up-regulated are 9 and 16, respectively. Most of the proteins differentially expressed are common to control and lysozyme-treated cells and are marked with S (=shared) in Tables 3 and 4 . That is likely a result related to the time chosen for the samples collection after the end of treatment, more than an effect of the treatment itself. The comparison of the results of the proteomic and the RNA-seq analyses highlighted a good correlation between the expression of mRNAs and the detected abundance of encoded proteins both in controls ( Figure 6a ) and in lysozyme-treated U937 cells ( Figure 6b ). The vast majority of downor up-regulated proteins showed an identical trend of expression at the mRNA level, even though the fold change values observed in RNA-seq experiments were often more pronounced than their detected fold change at the proteomic level. (Table 4 and Figure 5b ), probably because of the different growth time of the cells in the two experimental settings. Table 3 compares control 24 h + 24 versus control 1 h + 24; 8 proteins are significantly down-regulated and 15 proteins are significantly up-regulated. A similar finding characterizes the comparison between lysozyme 24 h + 24 versus lysozyme 1 h + 24 (Table 4) , where the proteins down-and up-regulated are 9 and 16, respectively. Most of the proteins differentially expressed are common to control and lysozyme-treated cells and are marked with S (=shared) in Tables 3 and 4 . That is likely a result related to the time chosen for the samples collection after the Table 4 ). Table 3 ). 
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Discussion
Almost a century after its discovery, lysozyme still attracts considerable interest, and remains the subject of many research projects. Because of the well-established role of lysozyme in anti-bacterial defence, it has become a paradigm for the functioning of the innate immune system. Nevertheless, the precise contribution of lysozyme to antibacterial defence in different tissues is still lacking and many aspects concerning its non-catalytic biological role are not completely understood. An interesting development concerns the possibility to attribute to lysozyme additional functions, besides antibacterial defence, such as a potent anti-inflammatory activity [29, 35, 36] . Lysozyme significantly suppresses the production of the inflammatory cytokines TNF-α, IL-1β and IL-6 (Interleukin 6) [37] [38] [39] , independently from muramidasic activity, because of the peptide motifs found in the N-terminal region of the protein [40] . Furthermore, Gallo et al. [41] showed that lysozyme is able to prevent the production and release of inflammatory mediators, such as IL-6, and to reduce macrophage recruitment in the inflammatory site induced by AGE (advanced glycation 
Almost a century after its discovery, lysozyme still attracts considerable interest, and remains the subject of many research projects. Because of the well-established role of lysozyme in anti-bacterial defence, it has become a paradigm for the functioning of the innate immune system. Nevertheless, the precise contribution of lysozyme to antibacterial defence in different tissues is still lacking and many aspects concerning its non-catalytic biological role are not completely understood. An interesting development concerns the possibility to attribute to lysozyme additional functions, besides antibacterial defence, such as a potent anti-inflammatory activity [29, 35, 36] . Lysozyme significantly suppresses the production of the inflammatory cytokines TNF-α, IL-1β and IL-6 (Interleukin 6) [37] [38] [39] , independently from muramidasic activity, because of the peptide motifs found in the N-terminal region of the protein [40] . Furthermore, Gallo et al. [41] showed that lysozyme is able to prevent the production and release of inflammatory mediators, such as IL-6, and to reduce macrophage recruitment in the inflammatory site induced by AGE (advanced glycation endproducts) in HK-2 proximal tubular epithelial cells. However, the detailed mechanism of this action and the exact molecular basis underpinning this behaviour are still undefined.
To gain an improved molecular basis for the many activities of this multi-tasking protein, we decided to investigate the transcriptional effects of the supplementation of very low concentrations of HEWL (15 µg/mL ≈ 1 µM) on a monocyte cell line. Our approach takes advantage of the exploratory capacity of whole RNA-sequencing analysis, integrating transcriptome analysis with proteome profiling, and allowing a comprehensive overview of the molecular alterations occurring in this experimental system.
The results of the RNA-seq analysis showed a limited effect on gene expression, with a small number of DEGs detected at all time points, which generally displayed modest fold change values. The only exceptions were the DLG2 and CKMT2 genes, which were differentially expressed in all the experimental conditions tested and displayed a particularly high fold change value in U937 cells collected immediately after the end of exposure to lysozyme (1 h). DLG2 (discs large MAGUK scaffold protein 2), encoding a member of the MAGUK family of membrane-associated guanylate kinases with a role in protein-protein interactions at synapses and in tight junctions pathways was significantly down-regulated in response to HEWL treatment. By contrast, CKMT2, encoding a mitochondrial creatine kinase responsible for the high-energy phosphate transfer from mitochondria to the cytosol carrier creatine, was significantly over-expressed. The significant changes of the expression of these two genes do not permit, by themselves, to establish a functional hypothesis on the biological activity of lysozyme on monocyte cells. We opted for an in-depth analysis of the set of DEGs and of their modulation at 1-h exposure to lysozyme, which allowed us to formulate biological hypotheses consistent with the strong modulation of DLG2 and CKMT2. Indeed, at this time point, a number of DEGs were significantly altered in addition to DLG2 and CKMT2, but these transient regulatory effects were practically eliminated after 2 and 24 h.
Data from the literature show that significant alterations of TNF-α and IL-6 gene expression can be detected by RT-PCR after treatment with lysozyme in LPS-activated peritoneal macrophages at 500 µg/mL (approximately 35 µM) [38] . The effective anti-inflammatory concentrations of lysozyme-derived peptides are in the range 25-50 µM, a concentration in line with the levels of lysozyme in breast milk [40] . Therefore, the limited intensity and the low persistence of the effects on the transcriptome of the treated cells might depend on the much lower concentration of lysozyme used in this study (1 µM). We may hypothesize that the transcriptional and proteomic alterations detected may involve a greater number of genes, persist for a longer time span or affect with higher intensity cells exposed to higher HEWL doses. However, the present study highlights that a concentration as low as 1 µM can already exert a transient response in treated cells, suggesting a wide spectrum of active doses for this natural product.
The DEGs were then subjected to IPA ® to build a regulatory network based on the literature data contained in the IPA ® Knowledge Base. The highly significant findings that emerged from the comparison between treated and untreated U937 cells after 1 h, revealed a series of canonical pathways whose activity was predicted as 'altered'. From these, some showed a clear directionality, while others were discarded because they were not relevant for the biological context examined in this study. The regulatory network built with the IPA ® was based on CKMT2 and DLG2 as hinge points because of their extremely significant fold change values and the persistence of their alteration at 1 h and up to 24 h. The RNA-seq results show that MMP-9 (matrix metallopeptidase 9), CCL1 (chemokine ligand 1), IL-1B, and IL-1 genes, belonging to the regulation networks of DLG2 and CKMT2, were also down-regulated at 1 h, suggesting a very rapid onset of the cell response to lysozyme. IL-1 and IL-1B, among the up-stream regulators predicted to be most likely involved in response to lysozyme form a central node in the network because of their connections with several other differentially expressed genes. Despite its prediction as a key repressed upstream regulator in lysozyme response, the TNF-α gene was not differentially expressed at the transcriptional level. The important role of TNF-α at the crossroads of regulation of a number of the other DEGs detected in this study is strongly supported by the high number of relationships in the IPA ® regulatory network (Figure 4 ). Moreover, literature data have previously demonstrated that lysozyme can strongly inhibit the transcription of TNF-α and IL-1β [24, 25, 42] . It is noteworthy that many of the down-regulated genes under the transcriptional control of TNF-α are involved in inflammatory processes. CCL3 (chemokine ligand 3), known also as macrophage inflammatory protein 1-alpha, is a cytokine that activates polymorphonucleate leucocytes, which is also involved in the acute phase of inflammation [43] . CCL7 (chemokine ligand 7) is a chemokine that regulates macrophage function [44] . CCL3L3 (chemokine ligand 3-like 3), a cytokine with high similarity to CCL3 is implicated in the regulation of immune cell functions and is up-regulated during an inflammatory response [45, 46] . Immediate early response 3 (IER3) acts in the immediate response mechanism and protects cells from Fas and TNF-α-induced apoptosis [47] . ISG15 (interferon-stimulated gene 15) is a ubiquitin-like protein with chemotactic function that recruits neutrophils in the sites of inflammation [48] . Regarding the lack of regulation of the TNF-α gene, it is essential to stress that RNA-seq data can only provide indications on the biological layer related to transcription. However, another order of dynamicity is added by post-transcriptional and post-translational regulation of gene expression. Several other factors like the regulation of translation, protein turnover and the regulation of its activity by post-translational modifications, including the interaction with co-factors, can together modulate the biological activity of a protein without the appreciable involvement of modifications at the mRNA level. Furthermore, a very recent study conducted in mice with LPS-induced systemic inflammation reports the significant suppression of TNF-α protein levels in serum and spleen after oral administration of lysozyme but, in contrast TNF-α gene expression resulted correspondingly not affected [39] .
Overall, the analysis of the RNA-seq data suggests that, independently of the rapid onset and fading of the anti-inflammatory activity exerted by lysozyme, HEWL treatment results in a long-lasting alteration of the DLG2 and CKMT2 genes, which could be considered as molecular signature of the lysozyme activity that takes place. Further support of this hypothesis is given by the analysis of the effects of lysozyme on U937 cells differentiated to macrophages. Indeed, the whole RNA-seq experiment was specifically designed considering both monocytes and macrophages as cellular models, in order to investigate the effects of lysozyme on two maturation stages of the same cellular lineage. Accordingly, the experiments were conducted both with U937 monocytes as such, and after their differentiation into macrophages upon treatment with PMA (phorbol-12-myristate-13-acetate) 50 ng/mL for 72 h before the exposure to lysozyme. Surprisingly, lysozyme induced in macrophages results in the transcriptional modulation of very few genes (data not shown). It is, however, remarkable that these differentially expressed genes also included the very same genes that were also differentially expressed, at all time points, in monocytes, i.e., DLG2 and CKMT2.
The functional hypotheses and the molecular networks highlighted in the present study are in good agreement with the results of a recent paper [38] , which reports a study carried out with mouse macrophages stimulated with LPS to induce an inflammatory state. In that experimental model, lysozyme acted as a potent inhibitor of IL-6 and TNF-α in a dose-dependent manner, both at the protein and at the mRNA levels. At the level of the molecular pathway, lysozyme seems to act by reducing the phosphorylation of JNK (c-Jun N-terminal kinase), a member of the MAPK (mitogen activated protein kinase) family, which is also involved in the cell inflammatory response [49] . Indeed, phosphorylation of JNK induces the expression of many inflammatory cytokines, including TNF-α itself [50] . Moreover, the study of Tagashira and co-workers, similar to ours, did not reveal any toxic effect of lysozyme for the treated cells, further confirming the reliability of our observations and predictions.
In our attempts to understand the effects of lysozyme on U937 cells, by integrating transcriptomic and proteomic data, we were unable to detect any significantly differentially expressed protein in lysozyme-treated compared to untreated cells. Overall, literature on the integrative transcriptomic-proteomic analyses revealed only a poor correlation between the quantities of mRNAs and the corresponding proteins [51, 52] , which is indicative of a complex regulatory mechanism, controlling the expression mechanism at both the RNA and protein levels, and involves multiple layers of gene regulation like genomic variations and gene expression. Another order of dynamicity is added by post-transcriptional and post-translational regulations of gene expression. These include, but are not limited to, alternative splicing [53] and editing of expressed transcripts and post-translational addition of covalent modifications to proteins. Thus, several isoforms or proteoforms, with distinct structural and functional attributes, may originate from a given gene. The biological uncoupling between the levels of mRNA and proteins may be the consequence of half-life difference between proteins and mRNAs, these latter being five-times less stable than proteins in mammalian cells [54] . Furthermore, ubiquitination, phosphorylation and cellular localization are some of the post-translational regulations that can affect the protein half-lives and thus, their detection [51] . Studies have reported that mRNA abundance can predict protein abundance only partially, i.e., for approximately 40% of genes [52, 55] . Also, proteomics lacks the sensitivity to detect poorly abundant proteins and it is limited in its ability to identify novel proteoforms resulting from alternative splicing or SNPs (single nucleotide polymorphisms). The fractionation approach used in this proteomic study, although not having the ability of other techniques, such as targeted proteomics [56] , to detect the expression level of low abundance proteins, allowed us to provide the relative quantification of more than 6100 protein groups and to obtain a general overview on the translational molecular layer. Our study shows differentially expressed protein levels in samples collected at 24 h + 24 vs. 1 h + 24 in both controls and lysozyme-treated cells. This seems to be related to the growth time features of the cells being used, rather than to the pharmacological treatment. The differentially expressed protein levels follow the same trend of their relevant mRNAs (Figure 6a,b) , albeit with minor shifts in expression, confirming the greater sensitivity of the RNA-seq analysis over the analysis of proteomic data.
Materials and Methods
Materials
All materials were purchased from Sigma-Aldrich (St. Louis, MO, USA), unless otherwise indicated. HEWL was purchased from Fluka (Honeywell Fluka™, Charlotte, NC, USA).
Cell Line and Treatment
The U937 cell line is a human immortalized monocyte cell line, originally obtained from pleural diffusions of a patient affected by histiocytic lymphoma [34] . It was kindly supplied by Dr. S. Pacor (Dept. of Life Sciences, University of Trieste) and maintained in RPMI-1640 supplemented with 10% foetal bovine serum (FBS, Gibco, Invitrogen™, Grand Island, NY, USA), 2 mM l-glutamine (EuroClone™, Devon, UK), 100 IU/mL penicillin and 100 µg/mL streptomycin (EuroClone™). Cells were kept in an incubator with 5% CO 2 and 100% relative humidity at 37 • C. Cells were grown in suspension in 25 cm 2 flasks; cell viability was checked by the trypan blue dye exclusion test.
For experimental purposes 3 × 10 6 cells were sown in T25 flasks in 9 mL of their complete culture medium and let grow 72 h before pharmacological treatment. The exposure to lysozyme 15 µg/mL was carried out by adding to each flask 1 mL of complete culture medium containing 150 µg/mL of lysozyme (treated cells) or 1 mL of complete culture medium (controls). The treatment was conducted according to two experimental schemes: (i) In the first one, the cells were exposed to lysozyme for 1 h at 37 • C, 5% CO 2 and 100% relative humidity. The samples to be processed by RNA-sequencing were prepared immediately at the end of the treatment (hereafter referred to as 1h), and at 2 h after the end of treatment (hereafter referred to as 1 h + 2); in the latter case cells were left in fresh complete culture medium for an additional 2 h time in an incubator at 37 • C, 5% CO 2 , and 100% relative humidity after the removal of the lysozyme treatment solution by centrifugation for 7 min (300× g) at 4 • C. A supplementary time point analysis at 24 h after the end of treatment was employed for proteomic analysis only. In this case, cells were left in fresh complete culture medium for further 24 h in an incubator before collection (hereafter referred to as 1 h + 24) after the removal of the lysozyme treatment solution by centrifugation for 7 min (300× g) at 4 • C; (ii) in the second experimental scheme, the cells were exposed to lysozyme for 24 h nonstop and processed for RNA-sequencing immediately at the end of the treatment (hereafter referred to as 24 h); the proteomic analysis was conducted after further 24 h in fresh complete medium after the removal of the lysozyme treatment solution by centrifugation at the conditions indicated above (hereafter referred to as 24 h + 24). Each experimental condition corresponds to a biological triplicate.
Whole Transcriptome Expression Profiling via RNA-seq
At the end of each experimental treatment the cells were collected and centrifuged for 7 min (300× g) at 4 • C, the supernatant was discarded and the cell pellet transferred in an Eppendorf tube, washed with 1 mL of cold PBS (phosphate buffered saline) and centrifuged again for 7 min (800× g) at 4 • C. The supernatant was then discarded and the cell pellet re-suspended in an appropriate volume of the lysis buffer of the extraction kit. Total RNA was isolated using the Agilent Absolutely RNA Miniprep Kit (Agilent Technologies, Santa Clara, CA, USA) according to the manufacturer's protocol. The RNA concentration and purity were calculated using spectrophotometer measurements (evaluating the ratio of absorbance at 260 and 280 nm as a measure of protein contamination, and the ratio of absorbance at 260 and 230 nm as a measure of carbohydrate contamination). RNA integrity was examined by capillary electrophoresis (BioAnalyzer 2100, Agilent Technologies) to ensure the achievements of a RNA integrity number (28S to 18S ribosomal RNA) >9, required for the preparation of the libraries for RNA-sequencing.
Library Preparation and RNA-Sequencing
Barcoded sequencing libraries for all samples selected for RNA-sequencing were prepared using QuantSeq 3 mRNA-Seq Library prep kit produced by Lexogen (Wien, Austria), according to the manufacturer's instructions. Briefly, this strategy generates sequencing libraries enriched in regions close to the 3 end of polyadenylated RNAs, to enable cost-saving multiplexing with reduced sequencing depth compared to conventional RNA-seq protocols, while maintaining the possibility to accurately calculate gene expression levels with no need of a normalization step based on transcript length.
Following quality evaluation with an Agilent Bioanalyzer instrument, the libraries obtained were opportunely pooled in equimolar concentrations and sent to the sequencing centre at the Genomics Core of the Oklahoma Medical Research Foundation, where they were sequenced on a single lane of an Illumina NextSeq 500 platform, run in High Output mode with a single-end 75 base pair strategy. Raw sequence data have been deposited in the NCBI SRA database under the accession ID SRP124220, linked to BioProject PRJNA417221.
Sequencing Data Analysis
Raw demultiplexed sequencing data were provided from the sequencing centre and imported in the CLC Genomics Workbench 10 (Qiagen, Hilden, Germany) environment, where the trimming procedure was carried out using the following parameters: first, reads were trimmed by quality, setting the quality score threshold to 0.05 and removing ambiguous nucleotides.
In addition, the 12 nucleotides at the 3 terminus of the reads were discarded to remove a compositional nucleotide bias observed in a preliminary screening, and residual sequencing adapters (ACACTCTTTCCCTACACGACGCTCTTCCGATCT, GATCGGAAGAGCACACGTCTGAACTCCAGTCAC and GTGACTGGAGTTCAGACGTGTGCTCT TCCGATCT) were detected and removed, setting the 'mismatch_cost', 'gap_cost', 'minimum_internal_score' and 'minimum_score_at_ends' to 3, 3, 10 and 4. In addition, poly(A) stretches were removed because of the expected lack of match to the genome sequence. Similarly, poly(G) sequence stretches were discarded as these are recognized as possible artefacts linked to the lack of signal in the Illumina NextSeq sequencing chemistry.
Differential Gene Expression Analysis
Trimmed reads from each library were mapped on the annotated coding regions of the reference human genome (version Hg38) from the UCSC Genome Browser with the 'RNA-seq analysis' tool included in the CLC Genomics Workbench. The parameters set to allow a non-ambiguous read mapping were set as follows: mismatch cost = 2, insertion cost = 3, deletion cost = 3, length fraction = 0.98, similarity fraction = 0.98. Tables containing raw read counts for each gene and each sequencing library generated by the mapping process were grouped based on replicates and analysed with the CLC Genomics Workbench via the 'differential expression for RNA-seq' tool, comparing each experimental condition with the paired control at the same experimental time point. The generalized linear model (GLM) used for this statistical analysis assumes that read counts follow a negative binomial distribution. To identify significant differentially expressed genes (DEGs), only results with p-value ≤ 0.05 and fold change ≥ |2| were considered as meaningful.
Ingenuity Pathway Analysis (IPA ® )
Functional and pathway predictions were performed using Ingenuity Pathway Analysis (IPA ® ) (Qiagen, Hilden, Germany), software based on a database (the Ingenuity knowledgebase) which includes all the updated available information concerning gene regulatory networks in human. Significant DEGs identified in the previous step of analysis with an emphasis on 1 h, the time point with the most significant alterations, were used as input to identify the canonical pathways most significantly affected by the lysozyme treatment and infer the upstream regulators and downstream effects most likely to be involved in the process.
To identify the pathway specifically responsive to lysozyme, we took into account the most significant DEGs to build a custom pathway based on the shortest relation sub-pathways between the identified DEGs and other key genes predicted as likely to be significantly altered in a core IPA analysis.
Proteomic Analysis
Cells intended for proteomic analysis were collected 24 h after the end of each treatment, centrifuged for 7 min (300× g) at 4 • C, washed with phosphate buffered saline (PBS) and centrifuged again. The PBS was removed until approximately 50 µL of liquid remained. Cell pellets were snap frozen in liquid N 2 and stored at −80 • C until analysis.
Each sample was digested by filter aided sample preparation (FASP) [57] with minor modifications. Dithiothreitol (DTT) was replaced by tris (2-carboxyethyl)phosphine (TCEP) as the reducing agent and iodoacetamide by chloracetamide as the alkylating agent. A combined proteolytic digestion was performed using endoproteinase Lys-C and trypsin. Peptides were desalted on C18 StageTips [58] and dried down by vacuum centrifugation. Samples were then fractionated into six fractions by strong cation exchange (SCX) chromatography on stage tips [59] and dried down again by vacuum centrifugation. For LC MS/MS analysis, peptides were resuspended and then separated by reversed-phase chromatography using a Dionex Ultimate 3000 RSLC nanoUPLC system on a home-made 75 µm ID × 50 cm C18 capillary column (Reprosil-Pur AQ 120 Å, 1.9 µm) in-line connected with an Orbitrap Q Exactive HF Mass-Spectrometer (Thermo Fischer Scientific, Waltham, MA, USA). Database search was performed using MaxQuant 1.6.0.1 [60] against the Human Uniprot database (Last Modified: 2017-05-23, 71567 canonical and isoform sequences) where the hen egg white lysozyme sequence (AFA52017.1, from Uniprot, 2018-04-09) was added. Carbamidomethylation was set as fixed modification, whereas oxidation (M), phosphorylation (S,T,Y), acetylation (protein N-term) and glutamine to pyroglutamate were considered as variable modifications. A maximum of two missed cleavages were allowed for the search and 'match between runs' option was selected. A minimum of two peptides were allowed for protein identification and the false discovery rate (FDR) cut-off for both peptides and proteins was set to 0.01. The MaxLFQ algorithm was used by MaxQuant for the label-free quantification (LFQ), with the standard settings [61] . Perseus, the statistical validation tool embedded in MaxQuant, was used for further data validation [62] . Reverse proteins, contaminants and proteins only identified by sites were filtered out. Biological replicates were grouped together and protein groups containing a minimum of two LFQ values in at least one group were conserved. Missing values were imputed with random numbers from a normal distribution (width = 0.4, down-shift = 1.8). Two-samples t-test coupled with permutation-based correction (false discovery rate) was performed to identify the differentially expressed proteins. Significant hits were determined by a volcano plot-based strategy, combining t-test p-values with ratio information [63] . Significance curves in the volcano plot corresponded to a S0 value of 0.5 and a FDR cut-off of 0.05. Further graphical displays were generated using homemade programs written in R [64] .
Conclusions
Herein, we bring new insights into the origin of the non-catalytic anti-inflammatory properties of lysozyme. Because of the broad perspective of the RNA-sequencing analysis approach, this study shows that the anti-inflammatory activity of lysozyme occurs owing to mechanisms of gene regulation involving the TNF-α/IL-1β pathway modulation. Our findings, besides confirming the alteration of proteins of the inflammatory pathway such as TNF-α and IL-1β, previously described as affected by lysozyme treatment in scientific literature, enable their inclusion in a more expanded and comprehensive picture, under the form of a functional network, where they are related to many interactors. Furthermore, this approach demonstrates that such important, albeit transient, effects of lysozyme can be achieved with the supplementation of relatively low concentrations of HEWL for a short time of exposure. To the best of our knowledge, this is the first report to offer such a broad overview of the anti-inflammatory effects of lysozyme at the gene expression level. The novel data we report contributes to understanding the role of lysozyme at a molecular level in the context of inflammatory processes, potentially allowing its potential in pharmacological applications to be exploited. 
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